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The drill monkey has been shown by serology and PCR to harbor a unique simian immunodeficiency virus
(SIVdrl). A pol sequence, amplified from uncultured peripheral blood cells, is most closely related to the
equivalent SIV sequences from the red-capped mangabey (SIVrcm), the sabaeus African green monkey
(SIVagmSAB), and the chimpanzee (SIVcpz) and to the human immunodeficiency virus type 1 (HIV-1)
sequence of humans. It is as yet unclear whether SIVdrl has a mosaic genome like SIVrcm and SIVagmSAB,
is a member of the SIVcpz/HIV-1 lineage, or represents a novel primate lentivirus lineage.

Several species of African nonhuman primates are known to
be infected with simian immunodeficiency viruses (SIVs) (18,
31, 36). Most recently, the red-capped mangabey (Cercocebus
torquatus torquatus) has been shown to harbor a novel lentivi-
rus, SIVrem (16). It is thought that these viruses only rarely
cause disease in their natural hosts, suggesting that they have
been associated with them for a long time (1, 13, 19, 21).
However, if cross-species transmission occurs, the virus may be
pathogenic for the new host. For example, in captivity, differ-
ent species of macaques have apparently been infected with
SIVsm from sooty mangabeys (Cercocebus atys) and have gone
on to develop a simian AIDS-like syndrome, as have rhesus
macaques when experimentally inoculated (21, 29, 34, 36).
Furthermore, the human immunodeficiency viruses types 1 and
2 (HIV-1 and HIV-2, respectively) are thought by some to have
been introduced into humans by at least two independent
transmissions of SIVs from primates in Africa (9, 35, 42). The
genome sequence of HIV-2 is closely related to the sequence
of SIVsm (22), and natural infection with SIVsm of humans
has been found (15), indicating that HIV-2 could have arisen
from cross-species transmission of SIVsm to humans in west
Africa.

Phylogenetic analysis of HIV-1 sequences shows that they
can be considered as a major (M) cluster with outlying (O)
variants (28). The genotypic and phenotypic differences be-
tween group O and M group isolates are consistent with sep-
arate introductions into the human population (4, 17, 30, 40,
43, 48). This introduction may have been with two distinct SIVs
from chimpanzees (Pan troglodytes), one related to SIVcpz-gab
(23, 24) and the other to SIVcpz-ant (46). It has also been
suggested that cross-species transmission from humans to
chimpanzees gave rise to SIVepz (10, 33). Alternatively, SIVs
from other African primates may have infected humans, chim-
panzees, or both.

The drill, Mandrillus leucophaeus, is a large short-tailed
monkey that exists only in several blocks of forest between the
Sanaga River in southwestern Cameroon and the Cross River
in southeastern Nigeria and on the offshore island of Bioko
(Equatorial Guinea). Due to continuing habitat loss, forest
fragmentation, and indiscriminate hunting for bushmeat, the
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drill has become endangered. It is recognized by the Interna-
tional Union for Conservation of Nature as the highest-ranked
primate species for conservation action in Africa.

Blood samples were collected during their quarantine from
drills officially donated to the Drill Rehabilitation and Breed-
ing Center (14). These animals were wild born and had been
illegally captured for the bushmeat trade. Cross-reactions ob-
served during enzyme-linked immunosorbent assay (ELISA)
screening of serum samples from 50 drills suggested that 16 of
them were infected with a lentivirus, possibly an SIV related to
HIV-1. The five samples most strongly reactive by ELISA were
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FIG. 1. Western blot analysis of serum samples from four wild-born drill
monkeys (lanes 4 to 7). Lanes: 1, negative control; 2, weak positive control; 3,
strong positive control. Cross-reactions were observed with p24 only (lane 7);
with p24 and gp160 (lane 4); with p17, p24, and gp160 (lane 6); and with p17, p24,
gp41, gp120, and gp160 (lane 5). The blot was HIV blot 2.2 from Genelabs.
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FIG. 2. PCR amplification of SIV sequences from PBMC lysates from two drill monkeys. The nested primers used are shown relative to their location on the pol
gene of the primate lentiviruses. The conserved amino acid motifs are indicated above the primer locations. The numbering relates to the sequence determined in this
work. The ethidium bromide-stained agarose gel (3:1 NuSieve agarose; FMC Bioproducts, Flowgen, Lichfield, United Kingdom) was used for the analysis of the
products of amplification; the specific product of 194 bp is arrowed. Lanes: 1, 1-kb marker (Life Technologies); 2 to 4, products of the primary amplification with outer
primers DR1 and DR2 from two drills (lanes 2 and 3) and water (lane 4); 5 to 7, products of the secondary amplifications of the reactions shown in lanes 2 to 4 with
the inner primers DR4 and DRS. A Southern blot probed with a digoxigenin (Boehringer Mannheim, Lewes, United Kingdom) probe, DR23, is also shown.

confirmed to be positive by Western blotting; the results from
four of these tested at the same time are shown in Fig. 1.

Degenerate, generic primers in the pol gene were designed
by using a multiple alignment of HIV-1, HIV-2, and SIV se-
quences and the Primegen program (37). Regions identified as
suitable included conserved motifs previously used for ampli-
fication of diverse retroviral sequences (8, 45, 47). The se-
quences of the primers are shown in Fig. 2. They are DRI,
located in the LLDTGA motif of the protease gene, equivalent
to bases 2601 to 2619 of SIVMM?251 (GenBank/EMBL acces-
sion no. M19499) (12, 27); DR2, located in the YMDDLY
motif of the reverse transcriptase gene, equivalent to bases
3371 to 3389 of SIVMM251; DR4, equivalent to bases 3104 to
3123 of SIVMM251; and DR5, from the PQGWK motif in the
reverse transcriptase gene, equivalent to bases 3275 to 3297 of
SIVMM251. An inosine residue was substituted at positions of
maximum degeneracy in the primers and probe. A digoxigenin-
labelled oligonucleotide probe (DR23 [Fig. 2]) was used to
confirm the specificity of the amplicon produced by primers
DR4 and DRS. This was equivalent to bases 3146 to 3177 of
SIVMM251.

Amplifications were performed in 100 pl of mixture with
Tag polymerase and reaction buffer, including detergent W1
(Life Technologies, Paisley, United Kingdom), with a model
9600 thermal cycler (Perkin-Elmer, Warrington, United King-
dom). Primer DR1 was used at 0.8 pmol per pl, and DR2,
DR4, and DRS were used at 2.5 pmol per pl. Touchdown PCR
was used with primers DR1, DR2, DR4, and DRS5 (7). After an
initial denaturation at 94°C for 2 min, there were 30 cycles of
94°C for 15 s, 50°C decreasing by 0.5°C per cycle to 35°C, and
72°C for 1 min; this was followed by 15 cycles of 94°C for 15 s,
50°C for 30 s, and 72°C for 1 min, with a final elongation at

72°C for 5 min before cooling to 4°C. DR1 and DR2 were used
in primary amplification reactions, and DR4 and DRS were
used in secondary, nested amplifications.

A specific band of the predicted size of approximately 194 bp
was produced when these primers were used with human lym-
phocytes previously shown to have been infected with HIV-1
subtype A, HIV-1 group O, and HIV-2. A band of similar size
was observed (Fig. 2) when this primer set was used with a
lymphocyte lysate from a drill monkey. This band, which was
shown to hybridize with the probe by Southern blotting (Fig.
2), was purified and sequenced. Specific primers were designed
with the program OLIGO (41) from the SIVdrl sequence ob-
tained. Uneven PCR was used in reactions with one specific
primer and one degenerate primer (5). Specific primers were
used at 0.1 pmol per pl for primary amplifications and at 0.5
pmol per pl for secondary (nested) amplifications. After an
initial denaturation at 94°C for 1 min, there were 3 cycles of
94°C for 30 s, 55°C for 1 min, 72°C for 1 min, 94°C for 15 s,
42°C for 1 min, and 72°C for 1 min, and then there were 20
cycles of 94°C for 15 s, 57°C for 30 s, 72°C for 30 s, 94°C for
15 s, 45°C for 30 s, and 72°C for 30 s, with a final elongation at
72°C for 5 min before cooling to 4°C. PCR products were
purified with Centricon columns (Amicon, Stonehouse, United
Kingdom), or by extraction from gels, and sequenced with the
primers used for their amplification with Perkin-Elmer—Applied
Biosystems reagents and apparatus (3). A sequence of 787 bp
between DR1 and DR2 was obtained by the methods de-
scribed above. In a comparison with database sequences (Ta-
ble 1 and Fig. 3), the 787-bp sequence was shown to be related
to HIV and SIV pol sequences. As shown in Table 1 and Fig.
4, the virus identified as having the most similar pol sequence
to SIVdrl was SIVrem (14a).
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TABLE 1. Genetic distances between SIVdrl and primate lentiviruses for a partial pol sequence

% Genetic distance from virus:

Virus

SIVdrl

SIVrem HIVlant70 SIVagmSAB SIVcpza SIVepz HIV-1 SIVmnd SIVsm  SIVagmTAN

HIV-2 SIVagmGRI SIVagmVER

SIVrecm 72.5
HIV1ant70 69.3 66.3
SIVagmSAB  68.2 66.8 65.0

SIVcpza 66.3 663 71.5 64.2

SIVcpz 66.0  69.0 771 63.4 71.6

HIV-1 64.8  66.8 73.2 62.6 70.8 79.0
SIVmnd 622  61.7 61.7 59.1 56.6 60.8
SIVsm 61.8 589 59.9 60.5 59.4 61.2
SIVagmTAN 609  61.1 60.8 59.5 58.3 61.6
HIV-2 59.6  60.0 594 59.4 58.6 60.0
SIVagmGRI 594 613 60.5 62.0 56.9 60.0
SIVagmVER 57.7  59.1 60.7 62.4 58.7 59.6
SIVsyk 56.6 574 56.4 57.4 523 60.4

59.1

612 578

59.6 62.2 55.3

60.7  58.6 78.4 56.0

612 564 57.9 65.5 58.9

60.3 63.9 54.9 65.0 53.9 66.9

553 57.3 58.9 57.2 58.1 54.0 539

The phylogenetic relationship of the SIVdrl sequence to
other primate lentivirus sequences was investigated by maxi-
mum-likelihood and neighbor-joining methods (Fig. 4A and
B). Several conclusions were drawn from these analyses (Table
1 and Fig. 4). First, the previously recognized five primate
lentivirus lineages (20, 42) can be seen, supported by bootstrap
values of greater than 70% in the neighbor-joining tree (Fig.
4B). These lineages are (i) HIV-1 and SIVcpz; (ii) SIV from
sooty mangabeys (SIVsm) and HIV-2; (iii) SIV from African
green monkeys, Cercopithecus aethiops (SIVagm); (iv) SIV
from mandrills, Mandrillus sphinx (SIVmnd); and (v) SIV from
Sykes” monkey, Cercopithecus mitis albogularis (SIVsyk). In
addition, two recombinant genomes have been described,
SIVagmSAB from Cercopithecus aethiops sabeus, the sabaeus
African green monkey (2, 26), and SIVrem (16), which do not
fall consistently into these lineages when different regions of
their genomes are analyzed. Second, whichever method was
used, and whether the nucleotide or predicted amino acid
sequences were compared, the phylogenetic trees obtained
were congruent, with the exception of the SIVagmSAB se-
quence. In trees made by maximum-likelihood analysis, the

SIVagmSAB pol sequence fell on the same branch as SIVdrl
and SIVrem (Fig. 4A), whereas by distance methods (neighbor
joining), it fell on a separate branch (Fig. 4B), albeit with
bootstrap values of less than 70%. This is consistent with the
recombinant nature of the SIVagmSAB genome. Third, the
SIVdrl pol sequence did not cluster with the SIVmnd pol se-
quence from M. sphinx, suggesting that these congeners are not
infected with a similar SIV. Fourth, in all of the trees found,
the SIVdrl sequence was most closely related to the SIVrcm
sequence. Fifth, these two viruses appear to be related to the
HIV-1-SIVcpz lineage of viruses. However, the SIVrcm ge-
nome is only similar to this lineage in pol; in gag it falls onto a
separate branch (16), and, overall, it has a mosaic genome,
presumably the result of recombination between distinct SIVs
(14a, 16). Analysis of the exact relationship between these two
genomes will only be possible when the SIVdrl genome has
been completely sequenced. It is of interest that drills and
red-capped mangabeys are sympatric, and exchange of viruses
between them is therefore possible. More complete SIVdrl
genome sequence should also reveal whether it has a mosaic
genome or constitutes a sixth lineage of the primate lentiviruses.

SIVArl DTGADDTVIQ--GIELTGK--WKPQVIGGIGGCIHVKQYFNCRIQIAG- -~~~ KVTHASVLVGPTPVNIIGRNVLCKLGATLNFPV--SKVEPVKVTLKPGMDGPKIKQWPLSKEKTAALTEICQKMEEEGQISRIGPEN 129
SIVrem  ......... E--....GND--.T.KI......Y.N....K..E.E...----~ CROGVHL L Kovornnnn I--.QI.TI..E..5.Q...RV.......... E...... NA..K..K..K.....
HIVlant70  ........ ILN--N.Q.E..--...KM... REVOGT. ....covunennn I.TG..C..... I--.PIA. .P.K......... Voo, E...A...E..Q..K....
SIvagmSAB  ...... S...--....GDN--...RI... JTCK.TI. B nnn st AQ..V...LTQ--REI..I..H....Q...R.R.........E. . KA. .EDL.KQ.HLE.. .
S5IVepza ... VE--..H.Q.N--. . .KT... . RTVL.T..L..N........... L..C..... I--....T.P.K..E.....RV -.E..K...D.L.A.NK...... D.
SIVepz  ......... E--R.Q.Q.L--...RM...... F.K...FD.VH.E.E.---~-~ RKVVGT.............. I.7Q..C..V..I--.SI.T.P.K.........V L JALLUK.LLL L B UKL UKL UKL
HIV-1 ... LE--EMN.P..--...KM......F.K.R..DQIL.E.C.,-=---~- HKAIGT. . ..vvviin e v L.TQIL.C..... I--.PTI.T.P.K......... Voo, TE...K...... TE..K..K...V....
SIVsm ... SIVA--....GPN--YT.KIV..... F.NT.E.KDVK.KVL.-~--~ - .IKGTIMT.D..I..F...L.TAM.MS..L.I--A....I....... KE...LR......... I..R...E...KD..LEEAP.T.
HIV-2 ... SIVA--.V..GSN--YS.KIV .RVR.TIMT.D..I..F...I.TA..M$..L..--A.I..I.IM....K....LR....T....E..K...E.. .R...LEEAP.T.
SIVvmnd  L...... IFNERN.K.K.N--.Q.KI...... G.FGT..I....ID..... IME...GK.ILAQLSD.IPIT..K....V...R....couuun VG.QK..DRL....K...VD.G.
SIVagmTAN .I.KEED.H.E.R--.R.K.V E.RGN..I ..I.AP...R.IMGQLNE.IPIT..Q..... S...L...... E...K..... T.AL.K..K..KV.G..
SIVagmGRI .I..EKDLHFPPHKP.RSK.V IITG.I.I.8 I.AQA.MK.VMG.LS.QI.ET..Q..E.K....L......R...E......KQ..... KL....G..
SIVagmVER .I.KENDLQ.S.--P.R.KI. L.APAVPR.VMGQLSE.IPVTP.K..E.AR..CVR......... E..Q...SQL.Q..K...V.G..
SIVeyk -I.REED.Q.--HQP.S.KIV I.T...VK.VM--VQTAL..... S...DKEL.RL...... V..LE..KA.VED.LKA..LEKAS.T.
SIVdrl PYNTPVFCIKKKDGTKWRKLVDFROLNKATQDFFEVQLGIPHPGGLQSCEQITVLDVGDAYFSCPLDPDFRKYTAFTI PSVNNQGPGIRYQYNVLPQGWKGSPAIFQATADKILKPFREKNPDVI I YQYMDDL 262
SIVrem I....... S, E...R.t et KQ..R..... I....... L.YEP.......... A, Ve S.N...Q....E......ian
HIVlant70  .....I.A................ E...

SIVagmSAB LR...K.Q..I.M.......

SIVepza E

SIVepz E

HIV-1 E

SIVsm ..E

HIV-2 ..E

SIvmnd ..E

SIVagmTAN AL T .. -
SIVagmGRI E T...N..AN. .EEIKRHT.GLE.V......
SIVagmVER E T...N..AS. .EEIKRNL.ALT.V......
SI1Vsyk K T...$.INQ..Q...K.YS.LTLI......

FIG. 3. Alignment of the SIVdrl partial pol amino acid sequence with the equivalent sequences of other representative HIVs and SIVs. Identities to the SIVdrl
sequence are shown by a dot. The accession numbers of the sequences used are given in parentheses as follows: SIVsyk (L06042); HIV1ant70 (L20587); SIVcpz
(X52154); SIVcpza (U42720); HIVz2, HIV-1 subtype D (M22639); SIVagmSAB (U04005); SIVmnd (M27470); SIVagmGRI from the grivet (M66437); SIVagmVER
from the vervet (X07805); HIV2st, HIV-2 subtype A (M31113); SIVsm (X14307); and SIVrcm (14a).
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FIG. 4. Phylogenetic trees showing the relationship of the SIVdrl pol nucleotide sequence to the equivalent sequence from other SIV and HIV genomes. (A)
Maximum likelihood. (B) Distance (neighbor joining). An in-frame nucleotide alignment was made with the Clustal algorithm (44) in Megalign (Lasergene, DNAStar)
with SIVdrl and the equivalent region from representatives of the available primate lentivirus sequences. Gaps were excluded from the alignment. For the
maximum-likelihood analysis, the alignment was used in PAUP version 4.0 (D. L. Swofford) with the F84 model of evolution, and rates were assumed to follow a gamma
distribution (alpha was estimated to be 0.48, and the transition/transversion ratio was estimated to be 1.16). For the neighbor-joining analysis, the alignment was used
in DNAdist and Fitch (11) with the Jin-Nei model of evolution (25). The reliability of the neighbor-joining tree was estimated by 1,000 bootstrap replicates, and values
greater than 70% are shown in panel B. Trees were displayed with Treeview (38). The accession numbers of the sequences used are given in the legend to Fig. 3. The

scale bar indicates the number of nucleotide substitutions per site.

The specific primers designed from the SIVdrl sequence
were used to test peripheral blood mononuclear cells (PBMCs)
from 11 of the 16 ELISA-reactive drills. By PCR, all 11 were
found to be infected. One animal that was ELISA negative was
found to be negative for SIVdrl by PCR testing. The drills that
were PCR positive appeared to be healthy and were over 3
years old. An important question is whether drills are naturally
infected with this virus. Since the drills are only ever kept with
other drills after confiscation, they could not have been in-
fected by other species except before arrival at the rehabilita-
tion center. The animals were bled with single-use needles at
various times after arrival. One drill which was sampled on the
day of its arrival was ELISA reactive, as were two that were
bled within 2 months, indicating that they were infected before
admission. Three others were seronegative when first tested,
between 1 day and 6 months after arrival. A fourth was sero-
negative 2 years after arrival. These four animals all subse-
quently seroconverted. Thus, SIVdrl appears to be a natural
infection that has also spread between drills in captivity. This
conclusion is supported by 207 bases (69 amino acids) of pol
sequence data from three other drills, including one of the
animals identified as being infected on arrival at the rehabili-
tation center. None of these three sequences, or the prototype
sequence shown in this paper, are identical: one differs from
the prototype by three amino acids (4.5% amino acid diver-
gence and 14% nucleotide divergence), and two others each
differ by four amino acids from the prototype (6% amino acid
divergence and 13.2% nucleotide divergence and 6% amino
acid divergence and 3% nucleotide divergence, respectively).
Over the same region, SIVrcm differs from the SIVdrl by 12
amino acids (19.8% amino acid divergence and 33.4% nucle-
otide divergence). These data are consistent with SIVdrl being

a natural infection, acquired with increasing age, although the
route of transmission is unclear from the current studies. We
note that it has been suggested that sexual transmission of SIV
among mandrills is rare (6).

In the recent past, the drill was more numerous. Today,
although fewer in number, drills inhabit areas of Cameroon
and Nigeria with other nonhuman primates, including chim-
panzees, forest guenons, colobines, mangabeys, and gorillas;
exchange of SIVs between these species has, therefore, been
possible. It is probable that there has been ample opportunity
for any SIV from a species eaten as bushmeat to infect humans
when these animals are butchered for food. The HIV-1 group
O variant viruses have their highest prevalence in west Africa,
including Cameroon and Nigeria (32, 39). Further character-
ization of the SIVdrl genome and of SIVs from the more than
22 other simian species that inhabit this particular region is
required to unravel their relationships to the human lentivi-
ruses.

Nucleotide sequence accession number. The EMBL ac-
cession number of the sequence reported in this study is
AJ011017.

We thank J. V. Parry, C. Arnold, and L. Metherell for help, advice,
and encouragement and C. King of Vetdiagnostics for initial ELISA
testing. We are grateful to B. H. Hahn for making the sequence of
SIVrem available before publication.
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